Wind Turbine Performance Improvements using Active Flow Control Techniques  by Shun, S. & Ahmed, N.A.
 Procedia Engineering  49 ( 2012 )  83 – 91 
1877-7058 © 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the International Energy Foundation
doi: 10.1016/j.proeng.2012.10.115 
Evolving Energy-IEF International Energy Congress (IEF-IEC2012) 
Wind turbine performance improvements using active flow control 
techniques 
S. Shun*, N.A. Ahmed 
University of New South Wales,Sydney, NSW, 2052  
Elsevier use only: Revised 19th July 2012; accepted 22nd July 2012 
Abstract 
The ability of a wind turbine to react to rapid fluctuations in wind velocity is blunted by the massive rotational inertia of the rotor 
assembly as a whole, as well as the mass of individual blades bearing upon pitch change mechanisms. Thus, wind turbines often operate 
with a less than optimal relationship to the instantaneous wind conditions. A wind turbine interacting with slow fluctuations in wind 
velocity may suffer a loss in potential energy extraction due to stalling of the blades. Interaction with rapid fluctuations in wind velocity 
can subject a wind turbine to the phenomenon of dynamic stall, which produces severe variations in the aerodynamic loads upon the 
blades resulting in major structural issues. Flow separation is a major contributing factor to the aerodynamic challenges associated with 
wind turbine operation. The ability to control or reduce the magnitude of regions of separated flow over an airfoil can play a significant 
role in reducing the negative effects associated with turbine operations in fluctuating wind conditions. The use of Air Jet Vortex 
Generators (AJVG) has been shown to provide net increases in power output on full scale turbines. In  been shown 
experimentally to reduce the fluctuating aerodynamic loads associated with dynamic stall. Such devices are ideal for use in rapidly 
fluctuating conditions, as there is potential for an active flow control technique with a rapid response time which would be more difficult 
to achieve with fixed Vane Vortex Generators (VVG). The current work details experiments carried out with a new type of AJVG that has 
proven to consume less energy compared with traditional devices. The use of such a device on full scale wind turbines may lead to greater 
net gains in power output, as well as reducing the magnitude of aerodynamic loads associated with dynamic stall. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the International 
Energy Foundation 
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Nomenclature 
 
1  turbulence standard deviation    (m/s)  
I ref   value of turbulence intensity @15m/s   (m/s) 
Vhub  wind speed at hub height     (m/s) 
k,   Weibull shape / scaling parameter   - 
Vz  velocity as function of height   (m/s) 
A, q,            wing area / dynamic pressure / mass flow rate (m2) / (N/m2) / (kg/s) 
Cdp, Cl, Cn, Ct,  (pressure drag / lift / normal / tangential) coefficient - 
Cμ   momentum coefficient     
D0, vo  initial (injection width / velocity)   (mm) / (m/s) 
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e  2.71828.....    - 
Xe     distance over which injection width/velocity  (mm)     
  increases by a factor of e     
vjet / vo / v  (jet / initial injection / freestream) velocity  (m/s) 
  
1. Introduction 
In order to maximize the extraction of mechanical power from the wind resource, modern Horizontal Axis Wind Turbines 
(HAWT) are often equipped with large blade spans resulting in huge swept areas. Multi-
many prominent manufacturers are characterised by truly staggering dimensions (Table 1). As a consequence, the rotational 
inertia of a complete rotor system is massive, which reduces the ability of the system to rapidly change its angular velocity. 
Table 1. Wind turbine rotor specifications. 
Turbine Rated Power (kW) Rotor diameter (m) Swept area (m2) Wind class 
Vestas V164 7,000 164 21,124 IEC S 
Siemens SWT-6.0-154 6,000 154 18,146 IEC ? 
Gamesa G-136 4,500 136 14,527 IEC III 
Enercon E-126 7,500 127 12,668 IEC IA 
REpower 6M  6,150 126 12,469 IEC IB / IIA 
GE 4.1-113 4,100 113 10,029 IEC IB 
Goldwind GW 2.5/109 2,500 109 9,331 IEC IIIB 
 
Table 2. Vestas V164 design specifications. 
Wind class Annual average 
wind speed 
1 year mean 
wind speed 
50 year mean 
wind speed 
Weibull shape 
parameter 
Weibull scale 
parameter 
Turbulence 
intensity 
IEC S 11 m/s 40 m/s 50m/s k = 2.2  IEC B 
 
     In contrast, the wind resource often exhibits rapid and significant fluctuations in velocity, even in conditions that may be 
s are designed according to standards set out by the International Electrotechnical 
Commission (IEC) [1]. Design characteristics (Table 2) for the Vestas V164 turbine [2] can be used to provide a quantitative 
example of the nature of the wind resource. The standard deviation in wind velocity (Eqn.1) as given by the IEC [3], when 
combined with the design parameters of the Vestas V164, results in a standard deviation in wind velocity of 1.939 m/s.  
 
 = Iref (0.75Vhub+b); b=5.6m/s      (1) 
 
The Weibull distribution for the wind velocity used in the design of the Vestas V164 is plotted along with the annual 
mean, and standard deviation of wind velocity (green shading) in figure 1a. Calculation of the cumulative density function 
approximately 27.21%. In 
practice, this significant change in wind velocity would be distributed in a chaotic fashion even over short sampling periods 
in the order of seconds (Fig. 1b) [4]. 
85 S. Shun and N.A. Ahmed  /  Procedia Engineering  49 ( 2012 )  83 – 91 
 
 
 
 
 
 
 
 
     
 
Fig. 1. (a) Weibull distribution;  (b) Short-term instantaneous wind velocity [4]. 
The massiveness of the individual blades and rotor assembly would make it highly unlikely that any large HAWT could 
satisfactorily respond to rapid fluctuations in wind velocity via changes in blade pitch or rotor angular velocity. Further 
local topography. The resulting vertical wind velocity gradient can be appreciable given the huge rotor diameters 
The IEC [5] gives the velocity gradient (Eqn. 2) as the following; 
 
 Vz = Vhub (z/zhub)a; a = 0.2     (2) 
 
Assuming a hub height of 100m and a wind velocity at hub height of 11m/s, the vertical velocity gradient can be plotted 
over the disk diameter of 164m (Fig. 2). The most interesting feature is the marked change in wind velocity across the span 
of each individual blade as it travels the half rotation from the vertical upwards to vertical downwards position. The velocity 
at the tip region of the blade changes from the maximum to the minimum extreme values of the velocity gradient, with other 
regions of the blade suffering the same phenomenon to a lesser degree. It is unlikely that any single distribution of blade 
profiles, chord-lengths and twist rates could function satisfactorily with such contrasting wind velocity distributions. 
Changes in blade pitch angle may be no more satisfactory, even if the pitch change mechanism could respond in a 
sufficiently rapid manner. 
 
 
 
 
 
 
 
 
 
Fig. 2. Vertical wind velocity gradient  
 
wind direction which can also occur in a sudden manner The 9AM (Fig. 3a) [6] & 3PM (Fig. 3b) [7] wind roses for the 
Wagga Wagga location give the historical wind velocity and direction distributions, which may be relevant for large wind 
the win
likely to be anywhere close to the time frame of wind direction changes, again, owing to the huge masses bearing upon the 
mechanism. 
 
Weibull PDF 
k = 2.2  = 14.5 
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Fig. 3. (a) 9am wind rose, Wagga Wagga; (b) 3pm wind rose, Wagga Wagga. 
     
mentioned. Wind turbines operating in the wake of machines located upwind can experience conditions with even greater 
variability [9]-[11]. T
structural issues that have aerodynamic phenomenon as a root cause. Any time lag in responding to slowly changing wind 
conditions can lead to partial (non dynamic) stalling of the turbine blades, which will result in a loss of potential power 
extraction.  
The inability to satisfactorily respond to rapidly changing wind conditions can lead to a dynamic stall. A turbine blade 
undergoing dynamic stall is subjected to rapid changes in lift and moment coefficients, which can cause significant fatigue 
issues 
2. Dynamic / Non dynamic stall 
Dynamic stall is an aerodynamic phenomenon related to cyclical changes in Angle Of A
these cyclical changes are due to rapid variations in wind velocity combined with the relatively steady angular velocity of 
the turbine rotor. Dynamic stall is often characterized by the formatio ortex 
dge of an airfoil undergoing rapid changes in AOA [12]. The shedding and advection of the DSV 
along the chord of the airfoil produces large overshoots in lift coefficient and rapid, significant changes in the moment 
coefficient [13]. Such rapid variations in lift and moment coefficients pose serious structural issues particularly for the large 
. Figure 4 contrasts the lift and moment coefficient behavior for an airfoil under 
conditions of dynamic and non-dynamic stall [14]. 
 
 
 
 
 
 
 
 
Fig. 4. Lift and Moment coefficient behavior for dynamic and non-dynamic stall [14] 
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Non-dynamic stall is the type of behavior generally associated with aircraft wings. Non-dynamic stall can also result in 
marked changes in aerodynamic force coefficients; however, the absence of a DSV tends to significantly reduce the 
magnitude of any changes. Dynamic and non-dynamic stall may both be heavily influenced by flow separation. Techniques 
for controlling flow separation may hold the key to reducing the detrimental effects that  
3. Air Jet Vortex Generators 
One technique for reducing the magnitude of flow separation involves the generation of a series of vortices over the 
surface of an airfoil. These vortices act in a manner such that high momentum fluid in the free-stream is bought down to the 
near wall region. This high energy fluid endows sluggish boundary layers with additional momentum, which allows them to 
penetrate further against adverse pressure gradients before separating. A passive method for realising such behavior 
involves the use of fixed Vane Vortex Generators (VVG) (Fig. 5a) [15] simplicity; however, 
such devices may not be able to provide the rapid, active control required to alleviate symptoms of dynamic stall. Air Jet 
Vortex Generators (AJVG) replaces the VVG with a series of small air jets (Fig. 5b) [16]. Although more complicated than 
the VVG, the AJVG possess the advantage of being more amicable as a rapid response separation control device. The air 
jets themselves are relatively small fluid-dynamic structures, however, their effect on a flow field can be marked [17-19] 
      
 
 
 
 
 
Fig. 5. (a) Vane Vortex Generator [15]; (b) Air Jet Vortex Generator [16] 
     The first practical application of the air jet technique is usually attributed to Wallis [20]. Since that study, much research 
has been carried out in the laboratory on two dimensional 
wings subjected to cyclical [12] and non-cyclical [21
net increases in power output when used on a full size HAWT [16]. 
maximized by configuring the devices with certain physical characteristics. Prior studies have highlighted the advantages of 
carefully selecting the pitch and skew angles [22] of the jet axis, as well as the orientation [23] and preference for certain 
orifice shapes [24] and configurations [25]. 
     Further increases in AJVG efficiency may require exploration of additional factors to those listed prior. Controlling the 
manner in which the jet fluid is delivered can produce significant changes in the resulting vortex behaviour. Experiments 
with jets issuing into quiescent bodies of fluid demonstrated enhanced penetration of jet fluid that was started impulsively 
[26], or issued in a non-steady manner with respect to time [27]. Studies conducted with fluid jets issuing into crossflows 
are particularly relevant to separation control applications about airfoils. Adding a non steady characteristic to the jet 
injection scheme appears to result in a fluid jet penetrating much further into a crossflow compared with a fluid jet issuing 
in a steady manner [28-30]. The exponential injection scheme of Eroglu and Breidenthal [31] may hold much promise as a 
practical separation control device for airfoils, as the jet injection scheme varies with space, not time.  
4. Exponential AJVG 
     Recent experimental work [32] demonstrated that under certain conditions, the exponential jet of Eroglu and Breidenthal 
[31], when used as an AJVG, was able to provide given increases in lift coefficient (Cl) for less energy input (Cμ) when 
compared with more tradition methods. The main features of the exponential jet are an injection width that increases by a 
given factor of e (2.71828) (Fig. 6a) and a fluid injection velocity profile that also increases by the same given factor of e 
(Fig. 6b). The vortices generated with the device appear to penetrate much further into the crossflow while also having a 
reduced mixing rate with the ambient fluid. A possible explanation for this behavior suggests that the exponential 
parameters place high-momentum jet fluid into the vortex, preventing premature weakening of this structure due to 
entrainment of low-momentum crossflow fluid [33]. 
AJVG 
Vortex 
Air jet 
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Fig 6. (a) Ideal exponential nozzle and discretised equivalent;       (b) Ideal velocity profiles and discretised equivalent. 
 
     An injection width and injection velocity profile increasing once by a factor of e were chosen as the basis for the 
experimental investigation [32], which precluded the need to generate high injection velocities. The relationship between 
the physical nozzle parameters and injection velocity profiles appeared to produce the best results when proportioned 
according to the following relationship (Eqn. 3); 
  (3) 
    An initial injection width (D0) of 1.5mm was chosen for the experiment. The distance over which the injection width and 
velocity profile increased by a factor of e (Xe) was set at 4mm; which was also the total injection length of the nozzle (Fig. 
6). The freestream velocity (v ) chosen for the experiment was 40m/s, thus, the initial injection velocity (v0) at the beginning 
of the nozzle should be 15m/s for the best results. This injection velocity profile smoothly increased once by a factor of e by 
the end of the nozzle, giving a velocity of 36.26 m/s (15×e). This particular injection velocity profile is referred to as the 
exponential injection velocity profiles (Table 3a) with various values of v0 were 
tested along with a second set of velocity profiles where the injection velocity was constant across the nozzle (Table 3b). 
Practical considerations demanded a stepwise increase for the nozzle width and injection velocity profiles. These quantities 
were thus discretised into four stepwise increases in magnitude (Table 3) (Fig. 6). 
 
Table 3. (a) Exponential injection velocity profiles; (b) Constant profiles 
 
v0 (a) Orifice #1 Orifice #2 Orifice #3 Orifice #4 Constant (b) Orifice #1-4 
  15.0 17.13 21.99 28.24 36.26 40 40 
 21.6 24.67 31.67 40.67 52.22 60 60 
27.5 31.41 40.33 51.78 66.49 80 80 
32.3 36.89 47.36 60.82 78.09 100 100 
38.0 43.39 55.72 71.55 91.87 120 120 
43.1 49.22 63.2 81.15 104.2 137 137 
53.8 61.44 78.89 101.29 130.07 - - 
64.6 73.77 94.72 121.63 156.18 - - 
  
5. Experiment 
     A NACA 63-421 airfoil was equipped with an array of 24 nozzles spaced at 30 mm intervals along the span of the wing. 
The chosen combination of physical nozzle parameters (Do; Xe) and discretisation scheme (four orifices) resulted in each 
individual orifice having a rectangular shape, with the longer dimension orientated perpendicular to the crossflow. Such an 
orientation appears to produce stronger vortices compared with the shorter dimension of the rectangle being orientated 
perpendicular to the crossflow [36]. The nozzle thus had a greater potential to maximize the use of the energy being fed to 
it. The skew and pitch angle of the nozzle was set at 60 degrees and 30 degrees respectively, (Fig. 7a), as this combination 
of angles produced good results in prior studies under conditions of cyclical [12] and noncyclical changes in angle of attack 
[21]. 
      AJVG arrays placed at chordwise locations of 10% [16] and 12% [12,21] appeared to produce good results in prior 
experimental work on flow control about airfoils. A location of 12.5% was chosen for the present study, as this was similar 
to previous studies and provided the greatest amount of clearance from internal pressure-tapping conduits built into the 
leading edge of the airfoil. The nozzles were configured to produce a co rotating series of vortices and are similar in layout 
to previous studies [16,34]. The array of nozzles was designed as a homogenous structure along with the leading-edge 
section of the airfoil and the plenum chambers supplying air to the jets (Fig. 7a). 
Initial injection width (Do) 
Injection 
length 
Ideal nozzle 
1.5 
4 
4.08 
1 (typical) 
Discretised nozzle 
#1
#2
#3
#4
Ideal velocity profile 
Discretised velocity profile 
Initial 
injection 
velocity  
(Vo) 
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Fig. 7. (a) AJVG arrangement; (b) Air supply schematic 
 
Each of the four individual rectangular orifices making up each exponential AJVG were connected to a common plenum 
chamber; thus, plenum chamber 1 was connected to, and supplied air to all 24 rectangular orifices labeled as # 1 (Fig. 6). 
This arrangement was mirrored for the other three orifices. To promote an even pressure distribution along the AJVG array, 
perforated brass tubes were inserted into each plenum chamber. The brass tubes were fed from both ends with pressurised 
air, thus minimising any static pressure variations along their length. The pressurised air was metered through conical 
entrance orifice-plate [35] assemblies to allow measurement of the mass flow rate ( entering each of the four plenum 
chambers (Fig. 7b). The airfoil consisted of a 740 mm central section equipped with jets. End plates were attached to the 
central section to promote two dimensional flow over the airfoil. End pieces of the same NACA 63-421 section were used to 
make up the full distance to the wind-tunnel test section walls. The end pieces were not equipped with jets. The central part 
of the airfoil was constructed from Fullcure 720® polymer on an Objet Eden 260® rapid-prototyping machine. 
     Testing was conducted in the 900 mm × 1200 mm test section of the large closed-circuit subsonic wind tunnel located in 
the aerodynamics laboratory of the University of New South Wales. Testing was conducted at a velocity of 40 m/s, which 
resulted in a Reynolds number of approximately 6.4 ×105 based on the airfoil chord length of 250mm. This Reynolds 
number was the maximum achievable whilst keeping tunnel heating issues and errors due to blockage effects manageable. 
The airfoil was mounted vertically to minimise the blockage ratio, with testing conducted under conditions of free 
transition.  
     The airfoil was equipped with three rows of static pressure taps, with 48 taps in each row. One row was located in the 
middle of the central span, with auxiliary rows 90 mm on either side of center. The static pressure taps were connected to a 
multitube water manometer, where the pressures taken from the center row of taps were integrated to establish the normal 
(Cn) and the tangential force coefficients (Ct). The air-jet injection velocities (vjet) were measured using a Dantec® hot-wire 
system. Velocity readings were taken from each of the four individual orifices making up the AJVG located nearest the 
centerline of the airfoil, as well as the AJVG located on the extreme left-hand side of the central airfoil section. Readings 
were taken at the start and finish of each test run, with all four sets of figures compensated for temperature and averaged to 
establish the final injection velocity values. 
6. Results 
     A common method for quantifying the energy being consumed by an air jet is momentum coefficient (Cμ), which 
combines the mass flow rate (  consumed by the jet, the measured jet velocities (vjet), dynamic pressure (q =  ) 
and wing area (A) into the following quotient (Eqn. 4) ; 
  (4) 
     Figure 8 plots the Cl vs. AOA behavior of the airfoil operating with various injection velocity profiles. In figure 9a, the 
incremental increase in lift over the baseline configuration (jets off) for each of the velocity profiles was averaged over the 
AOA range of 0-22 degrees and plotted against Cμ
tested were able to produce gains over the baseline configuration within this range of incidence angles.  
 
 
 
 
 
 
150 psi air manifold 
Orifice plate 
Regulating valve 
Plenum chamber 
Perforated tube 
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Fig. 8 Lift coefficient (Cl  
 
The greatest reduction in energy consumption occurred for the average incremental gain in lift of 0.16, where the 
exponential velocity profile used approximately 14% less energy compared with an injection profile where the velocity was 
constant across the jet. Interestingly, the exponential jet appears to provide the greatest advantages for a range of Cμ that are 
somewhat beyond that associated with the design condition of the jet. The original study featured an exponential jet where 
the injection width and injection velocity profile both increased by a factor of e three times over a total injection length of 
90 mm. The jet was mounted on a flat plate (minimal pressure gradient) and used water as the working fluid [31]. This is in 
stark contrast to the present study and may provide some possible explanations into the behavior observed in figure 9a. 
 
 
 
 
     Fig. 9. (a) Average incremental Cl vs. Cμ, 0-22 degrees AOA; (b) (Cdp + Cu) vs. AOA 
 
associated with operating an AJVG array, Cu is often added to the 
drag coefficient (Cdp)  plots the ratio of Cl and the sum of Cdp and Cμ. 
Beyond an AOA of 12.5 deg, it appears that in most cases, Cl / (Cdp + Cμ) is superior to Cl / Cdp of the plain airfoil (AJVGs 
off). This is a pleasing result, as the limitation of lift coefficient due to flow separation tends to become more marked at 
higher AOA.  
7. Conclusion 
     An AJVG consisting of a geometrically related series of orifices was tested experimentally to determine the ability of the 
device to reduce the magnitude of flow separation about a NACA 63-421 airfoil. The incremental gains in Cl were measured 
along with the energy consumed by the AJVG array (Cμ). For average incremental increases in Cl between 0.023 0.18, 
injection velocity profiles featuring an exponential characteristic provided incremental gains in Cl for less Cμ compared 
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with a constant-injection velocity profiles. The greatest increase in energy efficiency appeared for the incremental Cl 
increase of 0.16, where a reduction in Cμ of around 14% was observed. Such a reduction in energy consumption for a given 
performance gain will have practical benefits for airfoils using AJVGs as an active flow control technique. 
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